We have resolved closely spaced hyperfine levels in the 3P 3/2 state of 23 Na with a technique of coherent-control spectroscopy that uses co-propagating beams. The probe beam is locked to one hyperfine transition, while the control beam is scanned across a neighbouring transition. An acousto-optic modulator placed in the path of the control beam provides calibrated frequency offsets for measuring the hyperfine intervals. We thus obtain precise values for the hyperfine constants in the 3P 3/2 state: A = 18.530(3) MHz and B = 2.721(8) MHz, which improve previous values significantly.
Introduction
Hyperfine structure in the excited states of alkali atoms provides valuable information about the structure of the nucleus, i.e. the multipole moments of their charge and current distribution [1] . Precise measurement of the hyperfine structure also provides a stringent test for the accuracy of atomic wavefunctions used in theoretical calculations [2] , because it is sensitive to effects such as core polarization and electron correlation. Accurate knowledge of wavefunctions and hyperfine structure is particularly important in these alkali atoms because of their widespread use in laser cooling and Bose-Einstein condensation experiments. Such ultra-cold atoms promise to open new frontiers in high-resolution spectroscopy, measurement of fundamental constants, atomic parity violation and the search for physics beyond the standard model.
In many atoms, hyperfine measurements in excited states are limited by the spectral linewidth. While techniques such as saturated-absorption spectroscopy can overcome Doppler broadening and give linewidths close to the natural linewidth, hyperfine levels that are only a few linewidths apart are not always resolved. In this work, we resolve such closely spaced levels in the 3P 3/2 state of 23 Na (D 2 line), and then measure the hyperfine structure with high precision. To the best of our knowledge, this is the first time that these hyperfine levels have been resolved in absorption spectroscopy and the intervals measured directly. We achieve this by using our recently developed method of coherent-control spectroscopy with co-propagating probe and control beams [3, 4] . The primary advantage of the technique over normal saturatedabsorption spectroscopy is that the spectrum does not have spurious crossover resonances, which often swamp the true hyperfine peaks. We then measure the hyperfine structure with an acousto-optic modulator (AOM) whose frequency is directly locked to the interval of interest [5, 6] . We demonstrate a precision of 11 kHz in the value of the intervals. The previous best measurements on this state determined the hyperfine-coupling constants using beam quantum beats [7] and polarization quantum-beat spectroscopy [8] . In both measurements, subnatural linewidth was obtained by selective detection of long-lived atoms. Other techniques such as level-crossing spectroscopy [9] have also achieved subnatural linewidth using such timeresolved methods. The hyperfine constants determined from our work improve these previous values significantly.
Experimental details
The experimental schematic is shown in figure 1 . The output from a ring-dye laser (Coherent 699-21), tuned near the sodium D 2 line at 589 nm, is split into two parts. The first part is used for normal saturated-absorption spectroscopy in an Na vapour cell after passing through an AOM. The 100 mm long cell contains pure Na with no buffer gas, is heated to a temperature of 75
• C (atom density ∼5 × 10 8 cm −3 ) and has a magnetic shield 1 around it. The counterpropagating pump and probe beams have orthogonal polarizations. The important advantage of this configuration is that it allows the use of polarizing beam-splitter cubes so that the counter-propagating beams have only a small misalignment angle between them. In addition, the use of half-wave retardation plates in front of each cube allows precise control of the beam powers. The beam sizes (1/e 2 diameter) are 3.4 mm each. The second part of the laser output is used to generate the control beam for the new technique of coherent-control spectroscopy [3] . The beam is double-passed through an AOM and mixed with the probe beam derived from the first spectrometer. The intensity of this beam is stabilized in a servo loop by adjusting the rf power into the AOM. The two beams co-propagate through a second Na vapour cell, which is identical to the first cell in all respects. As before, the use of orthogonal polarizations allows near-perfect overlap of the beams and precise control over their powers. As seen from the figure, the two beams in the first cell and the probe beam in the second cell are at the same frequency, while the control beam in the second cell is frequency shifted (relative to the probe beam) by the two AOMs. A typical saturated-absorption spectrum for F = 2 → F transitions is shown in the upper trace of figure 2. The spectrum is a convolution of six peaks: three hyperfine transitions (F = 1, 2, 3) and three crossover resonances in between. As can be seen, only the F = 3 peak is resolved and the rest of the transitions are merged into one large peak because of their close spacing. The dramatic improvement in the spectrum with the new technique is seen in the lower trace. This is obtained by locking the probe to the F = 2 → F = 3 transition and scanning the AOM offset across the F = 1 and 2 levels. Since the probe is locked on resonance, it primarily addresses the zero-velocity atoms. The transmitted signal then shows peaks whenever the control beam comes into resonance with another hyperfine transition and reduces the probe absorption for the same zero-velocity atoms. We call this coherent-control spectroscopy because the control beam coherently modifies the absorption of the probe beam, which can be viewed as another form of electromagnetically induced transparency. The spectrum thus shows two well-resolved peaks at the locations of the F = 1 and 2 levels with no crossover resonance in between.
In order to understand the spectral lineshape, we have done a standard density matrix analysis of the effective three-level V system [4] . As shown in figure 3(a), the control beam drives the |1 ↔ |3 transition with Rabi frequency c and detuning c , while the probe beam measures the absorption on the |1 ↔ |2 transition. The decoherence rate from the upper levels is . In the weak probe limit, the absorption of the probe is proportional to Im(ρ 12 ), where ρ 12 is the induced polarization on the |1 ↔ |2 transition. The steady state value of ρ 12 is given by
where p is the probe Rabi frequency, and p is the probe detuning. In hot vapour, we have to additionally account for the thermal velocity distribution of the atoms. For an atom moving with a velocity v in the same (opposite) direction as the beams, the probe and control detuning decrease (increase) by v/λ, where λ is the wavelength of the transition.
The thermally averaged curves calculated for p = 0 and two values of c are shown in figure 3(b) . The first thing to note is that there is a clear transparency peak at line centre where the control detuning is zero. Secondly, as expected, the linewidth is essentially Doppler free since the Doppler width is 1420 MHz. Finally, when c /2π is increased to 10 MHz (corresponding to an intensity of twice the saturation intensity), the linewidth increases slightly but the lineshape remains symmetric and there is no shift of the line centre.
To ensure that the experimental lineshape follows the theoretical model, we have done a fit to the measured spectrum. A close-up of the spectrum around the F = 2 peak is shown in figure 3(c) . The solid line is a fit using the thermally averaged result from equation (1), with c and as fit parameters. The calculated lineshape models the spectrum quite well, with best fit values of c /2π = 2.23 MHz and /2π = 11.5 MHz. The fit value of c is quite reasonable because the calculated value at the centre of the (Gaussian) control beam for this power is 2.38 MHz. However, the value of the decoherence rate is expected to be 2π times the natural linewidth of 10 MHz, in the absence of any other perturbations. The fit value is slightly higher, and the increase is likely caused by collisional dephasing, both due to collisions with other atoms and with the cell walls. This is reasonable because collisions do cause an increase in the linewidth in saturated-absorption spectroscopy, and collision-induced decoherence effects are probably more pronounced in coherent-control spectroscopy.
The experimental technique to measure the hyperfine intervals is the same as that used in our earlier work [5, 6] . The frequency of the AOM in the path of the first spectrometer is modulated (around its centre frequency) and the error signal from the F = 3 peak is used to lock the probe beam on this transition. Note that the ring-laser frequency is offset from the F = 2 → F = 3 transition by the centre frequency of the AOM, which is about 90 MHz. The frequency of the second AOM is now adjusted so that the control beam is resonant with one of the other hyperfine levels. The error signal from the second spectrometer is then fed back to the rf generator driving the AOM so that its frequency is directly locked to the hyperfine interval of interest. The frequency of the AOM driver is then read using a frequency counter.
One important advantage of using the new spectroscopic technique for measuring the hyperfine intervals is that the measured interval is completely insensitive to detuning of the probe beam. Any detuning of the beam from resonance would imply that it is resonant with a non-zero velocity group. Since the control beam co-propagates with the probe beam, the spectrum will show peaks only when the control beam comes into resonance with the same nonzero velocity group, which happens only when the AOM shift matches the hyperfine interval. In other words, as the probe beam is detuned from the F = 3 resonance, the manifold of three peaks (corresponding to the F = 1, 2 and 3 levels) will shift within the Doppler profile, but their relative separation will remain the same.
The ring-dye laser is actively stabilized to an ovenized reference cavity, which gives it an instantaneous linewidth (before locking) of about 500 kHz. The frequency of the first AOM is modulated at f = 20 kHz, and the signals from the spectrometers are demodulated at 3f to obtain the error signals. Such third-harmonic demodulation gives narrow dispersive signals [10] that are insensitive to any underlying Doppler profile or peak pulling from nearby transitions. Third-derivative locking thus ensures that we are locked to within a few kHz of the line centre even when the neighbouring peak is only a few linewidths away [11] . It is also important to double pass through the second AOM to maintain directional stability, which might otherwise broaden the line shape when the AOM frequency changes. Finally, the use of magnetic shields around the cells reduces linewidth broadening due to splitting of the Zeeman sublevels. The probe power in both spectrometers is 14 µW, corresponding to a peak intensity of 0.31 mW cm −2 , which is much smaller than the saturation intensity of 6.4 mW cm −2 . As discussed in the following section, the control power is varied from 32 to 77 µW to check for errors due to optical-pumping effects.
Error analysis
The errors in our technique have been discussed extensively in our previous publications [4, 6] , and are reviewed here for completeness.
Statistical errors
The primary sources of statistical error are the fluctuations in the lock point of the probe and the AOM. To minimize such effects, we use an integration time of 10 s in the frequency counter during each measurement of the AOM frequency. Then we take an average of 35-40 measurements for a given transition. This results in an overall statistical error of less than 3 kHz in each value. The timebase in the frequency counter has a stability of better than 10 −6 , which translates to a negligible error of 100 Hz in the frequency measurement.
Systematic errors
Systematic errors can occur if there are systematic shifts in the lock points of the probe beam and the AOM. For the probe beam, we distinguish between two kinds of shifts: shifts of the atomic resonance itself, such as due to background collisions, and shifts of the probe frequency from resonance, such as might arise due to phase shifts in the feedback loop. As discussed earlier, the second kind of shift (probe detuning) will not affect our measurement of the interval at all. Hence, we consider the following sources of errors.
(i) Radiation pressure effects. Radiation pressure causes velocity redistribution of the atoms in the vapour cell. In the usual counter-propagating pump-probe geometry used in saturation spectroscopy, the opposite Doppler shifts can result in distortion of their Lorentzian lineshape [12] . However, in the co-propagating configuration used in this work, the Doppler shift will be the same for both beams and will not affect the hyperfine interval, similar to the detuning from resonance of the probe beam. there will be no asymmetric driving and the line centre is not affected. This is another important advantage of using polarizing beam-splitter cubes in the spectrometers; the extinction ratio of better than 1000:1 ensures near-perfect linear polarization of the beams. We further minimize these effects by using a magnetic shield around the cells; the measured value of the stray field is less than 5 mG. Note that shifts in the first cell are again unimportant since they will contribute to an overall detuning of the probe beam. (iii) Shift in the AOM lock point due to peak-pulling from the neighbouring transition. We minimize this effect by using third-harmonic detection for the error signal. Note that the magnitude of peak pulling depends on the linewidth of the peaks, which in turn depends on the control power. (iv) Shift in the AOM lock point due to phase shifts in the feedback loop. We measure the size of this error as follows. We adjust the shift in the second AOM so that the control beam in the second spectrometer is also on the F = 3 peak. Since the same peak is used for locking in both spectrometers, the second AOM should lock to the frequency of the first AOM, with any error arising solely due to phase-shift errors. We find that the second AOM tracks the frequency of the first AOM to within 1 kHz. (v) Shifts due to collisions in the vapour cells. The primary effect of collisions is to increase the linewidth, as discussed earlier. More importantly, any small shift of the peak centre will be the same for different hyperfine transitions and should cancel in a difference-frequency measurement.
As seen from point (ii) above, the line centre can be shifted in the presence of a residual magnetic field if there is asymmetric pumping into the Zeeman sublevels. Though this is not significant for linearly polarized light, we have to consider that there will be a small ellipticity to the polarization, due to imperfections in the cubes or birefringence in the cell windows. Thus, a potential source of systematic error is line shifts due to optical-pumping effects in the presence of residual magnetic fields and residual ellipticity of the polarization. However, we have an experimental handle to check for this error, namely the control power. Optical pumping will generally increase with increase in power. Hence by repeating the measurement at different values of control power, we can determine the size of this effect and extrapolate to zero power, if necessary. This is also a check on item (i) because radiation pressure effects will increase with power. Similarly, this is a check on item (iii) because the shift due to peak pulling depends on the linewidth, which increases with control power. The estimated size of the various sources of systematic error is listed in table 1. The Zeeman shift is calculated in a residual field of 5 mG by considering all allowed combinations of m F and m F , and taking the one with the largest shift. Some of the effects listed in the table can not only shift the peak position, but also distort the symmetry of the resonance line. This is evident in figure 3(c) , where there is a slight asymmetric deviation of the fit curve from the measured spectrum. However, the difference in the peak positions of the spectrum and the fit is only 2.8 kHz, which is much smaller than the total systematic error from the table.
Results and discussion
The results for measurements of two intervals in the 3P 3/2 state are given in table 2. Each value has a statistical error of less than 3 kHz. To check for long-term drifts, the measurements were repeated over several days. Intensity-dependent errors were checked by measuring intervals at four values of control power.
The most important thing to note is that the measurements at the four powers are consistent with each other. This means that optical-pumping and peak-pulling errors discussed above are negligible at our level of precision, even when the control power is increased by a factor of 2 or more. Furthermore, increasing the control power increases the height of the peaks in the spectrum, their linewidth and the overall signal-to-noise ratio. The consistency of the values shows that there are no unknown systematic errors related to these parameters.
The average values of the hyperfine intervals from table 2 are shown in figure 4(a) . The quoted error of 11 kHz is the total error in each value, obtained by adding in quadrature the systematic errors in table 1 and a statistical error of 3 kHz. Seven of the eight measurements in table 2 lie within 0.55σ (6 kHz) of the average values, suggesting that our error estimate is reasonable. The two measured intervals are related to the values of the magnetic-dipole coupling constant A and the electric-quadrupole coupling constant B in the 3P 3/2 state of 23 Na as follows:
(a) Ref. [7] This work
Ref. [7] Ref. [8] This work
Ref. [1] Ref. [8] figure 4(b) . The first value is the recommended value from [1] in 1977. The difficulty in measuring the hyperfine structure in this state is evidenced by the fact that there have been only two high-precision measurements since that time. The first measurement was done in 1977 using time-resolved hyperfine quantumbeat spectroscopy and achieved an uncertainty of 60 kHz in determining the hyperfine constants [7] . The more recent measurement in 1993 used polarization quantum-beat spectroscopy and achieved a precision of 15-30 kHz [8] . In our work, we resolve the F = 1 and 2 levels in the spectrum and directly measure the hyperfine intervals. Our values are consistent with the earlier values but the uncertainties are improved by a factor of 5. The last two columns in the table list theoretical values of A using a configuration-interaction calculation [13] and a relativistic many-body calculation [2] , which agree with our experimental value at the 1.4% level.
Conclusion
In summary, we have applied a technique of coherent-control spectroscopy to resolve closely spaced hyperfine levels in the 3P 3/2 state of 23 Na. The technique uses co-propagating beams, with the frequency of the probe beam fixed and only the control beam being scanned. An important advantage of this technique for hyperfine measurements is that the separation of the hyperfine peaks is independent of the detuning of the probe beam. An AOM placed in the path of the control beam is directly locked to the hyperfine interval of interest. We demonstrate a precision of 11 kHz in the measurement of the intervals, which translates into a significant improvement in the knowledge of the hyperfine constants. The technique should find wide applicability in the measurement of hyperfine structure of other systems where the level spacing is comparable to the natural linewidth.
